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ABSTRACT

Mars Pathfinder is one of the first of NASA's
Discovery serics of low cost planctary
missions. A number of innovative design,
fabrication, and management techniques have
been adopted during the developient phes
to stay within the $150M (FY'92) cosl cip.
With the upcoming December 1996 lauuch.
the same faster, better, cheaper spirit is being
applied to develop a low cost appioach for
mission operations. The operability of the
Flight System and Ground Data Systein
cnable an operations architecture in which o)
primary activitics are performed by a core
group of functional generalists. This group
consists of experienced development and te st
personnel whose skills are augmented with
cross-training and contingency testing. )¢
small size of this tcam combined with a 1.t
management  structure  permit b -hiy
strcamlined and cfficient opciat o1 g
processes. This efficiency is critical dy __:_.M.,.
the surface mission when daily updates te 1),
operational plan will occur.

INTRODU CTION

The Mars Pathfinder mission, which will
place a lander on the surface of Mars in i
1997, is an example of NASA's new
commitment to low cost, exciting planctary
missions. The project, currently undoy
development  at the Jet Propulsic
Laboratory, is ncaring launch and the stari of
mission operations. As a result, project
personnel are developing detailed operations
plans. The purpose of this paper is (o
describe some of these plans and the key
characteristics of the Pathfinder mission
operations system architecture.

MISSION OVERVIEW

One of the key drivers in developing the Mars

’athfinder mission operations architecture is
the unique nature of the mission itself. The
mission starts with Jaunch from Cape
Canaveral Air Station during the period from
December 2-30, 1996, The launch vehicle is
a thice stage Delta 1107925 built by
McDhonnell Douglas. The spacecraft is
iclatively quiescent during the seven months
cruise to Mars. Attitude control during cruise
is petformed through passive stabilization,
and the spacecraft remains Earth pointed for
most of cruise. No science activities arc
planned and the only key events are four
Uajectory correction mancuvers.

The spacecraft anives at Mars on July 4,
1997, immediately enters the Martian
atmosphere and lands. Entry, descent, and
landing activities are controlled by on-board
software, but key navigation and DSN
tracking activitics are performed by the
operations team. The navigation requirements
for Pathfinder arc tighter than any previous
planctary missions, but judicious use of
advanced data filtering techniques has
allowed the project to use relatively simple
data types and miniinal tracking.

The most operationally intensive part of the
mission starts once the lander has
successfully reached the surface. The
lander's primary surface operations mission
lasts for 30 sol (a sol is a Martian day - 24.7
‘arth hours). The key activities performed
imimcdiately after landing include return of
recorded entry science and engineering data,
initiation of a high rate tclecommunications
link, acquisition and return of a panoramic
inage of the surtounding terrain, and rover
deployment. Rover operations are planned
for a minimum of 7 sols, with a command
cycle scheduled for cach day. This fast
command turnaround time is a key driver on




the surface operations uplink anddownlinl
processes. Significant changes inthe darh
operations plan are likely becavse of pie
arrival uncertainty  in the  suifice
environment. An extended mission of vp o
onc ycar is possible., with the focus on
continucduse Of the science instrumentsand
TOVCI.

FLIGHT SYSTEM OVERVI] KW

The capabil itics of the Mars Pathi indce
spacecraft, instruments, and rover are by
reasons why low costopcrationsire
possible. The flight system per for ms th ce
distinctmissions: cruise, Marsatmospho ic
entry and landing, and surface opcrations
Figure 1 shows an exploded view ofihie
spacecraft. The cruise stage perfotinsinostol
the cruise. functions, including attitud
determination and  control, midcour s
guidance, teleccommunications and pow ci
generation using solar arrays. The eniiy
vehicle (including an acroshell, back<hell
parachute, retrorockets, and air baps) is used
to safely place the lander and rover on1 tic
surface of Mars. The lander contains the
central clectronics module (used to control all
three phases of the mission), the radio.s
rechargeable battery, solar arrays, thescicnce
instruments, and the rover. Figure 2 shows a
schematic of the lander in the deploycd
configurat ion.

Concurrent ecngincering of the flight
clements, GDS and Mission Operastions
System has resulted in @ highly oper able
design. The spacecraft is built around asing ¢
powerful compu ter which controls the
spacecraft and science instruments T'he
capabilities of this 1.oral RGOOOcompuis
allow many previously oncrousgiound
activities to be performed on-board the
gpace.crafl. Specific cxamplesarc on-boal
memory management (perfor nacd by t he
commercial VxWorks opcrating systent) anhd
high level commanding (whit]] 1eplaces the
nced for expandable blocks). Flight softwine
is also able to autonomously manageseveal
key spacecraft functions, includingfault
protection, closed loop thermal control, hizh
gainantcnna pointing, attitude detcnunation
and control, and control of all activities
related to entry, descent, and landing. Othe

oper ability features include a simple attitude
contiol architecture (passive spin
stabilization), significant power margins
(particularly during cruise), a high capacity
1cchargeable battery and high telemetry rate
capabilitics.

Theover and science instruments have also
been designed with operations inmind. The
1over IS a semi- autonomous vehicle that does
notrequired ground- in-the-]Joop control.
Rover traverses are planned using high level
waypoint command s which the rover
interprets and per forms in a closed loop
mannet. Rover - lander communications arc
completely autonomous, with the rover
scrving as the link controller. The Imager for
Mars Pathfinder (IMP) has been designed
with closc(l loop temperature control for the
CCD, and can be pointed in @ wide range of
diffcr ent coordinate systems. The other
science instraments arc relatively a relatively
simple meteorological package which does
notrequire active control and an Alpha-
Proton-Xray Spectrometer located on the
rovet.,
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Figure 1. Mais Pathfinder Flight System
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GROUND D ATA SYSTEM OVERV] KW

The Pathfinder Ground Data Sy st 1S
derived from the JPL institutiona)
Multir nission Ground Data Syste . This
inheritance Wa$ made possible by
constraining the flight system to fo] lowafaw
simple telemetry and com naan d fosmat
guidelines (such as the usc of CCSIHS
standards). This approach reduces the costs
associated witl 1+ GDS development and
enables GDS personnel to focus 011 building
additional opcrability features into the
software. Considerable effort has beenmade
to simplify the user interfaces andintcpiate
the system Into a unified control systc i A«
result, hands-on usc of the GDStoolset is
now possible without the need foralaryc
staff of toolsmiths.

The uplink clements of the GDS have been
integrated under a single Graphicalllse
Interface driven control shell. This shull
provides the ability to perform end-to end
planning , scquence, and command
capabilities. Program to program interfa
issues have been virtually climinated, and
operators arc free from file mana gcinicn
concerns. A sophist icated planning toolhias
beendeveloped for surface operationsand

Configuration

will perform most of the resource
management functions. High fidelity
spacccraft behavior miodels have been
incor porated into the code toreduce the need
for subsystem inter action. Inaddition, a very
capable image planning tool has been
developed around a software mode] of the
IM 1. This tool can plan panorainas, gencrate
camcracommands and graphically show the
resulting image.s. The same process was
performed by hand during the Viking mission
by alarge group of image analysts. All uplink
programs arc table driven to alow for easy
maintcnance.

The downlink elements of the GDS have also
beenupgraded to provide sophisticated
telemetry handling capabilities. Besides the
standardtelemetry processing and display
capabilities, the project has developed a
special tool to track the state of the spacecraft
and provide quick assessments of the system
level performance of the vehicle. An
auto mated systemn has been developed for
trtacking data pac ke tsand requesting
tetransimission from the spacecraft. Science
image processing is performed by the
institutional Multimission Image Process
1 .aboratory using existing capabilitics.




MISSION O1)CRA”I'IONS SYSTIM
ARCHITECTURE

The mission operations system architectane
for Mars Pathfinder is a rather disting t
departure from recent IP1, expel icnice.'1hisis
in part due to the unique natuic of the
Pathfinder mission, but is also driven by
some key project characteristics. The se
include:

. Th e desire and ability to usc acoresctof
personnel through all projectphas s,
including development, test, and opcration ..

. The neced to demonstrate a low casl
approach to mission opcrations which canlx
used on future planctary missions

. The requirement to complete all mission
operations activitics during the priunaiyand
extended missions (through August '98) for «
total of $14 M (RY)

. The desire to maximize the science and
technology return of the mission without
driving opcrations costs

The missio n operations system that bestsuits
these rcquirements uses a "skunkworky"
concept in which operations arc peiformed
with minimal formality il
compartmentalization. The associated team
structure 1S relatively flat with minimal
dependence on intermediate management and
interface positions. The focus of this tcamis
small group of pcople who are empowcred
to perform al key operations activitics. These
individuals, called Flight Engincers, are
cross-traincd to obtan a genctdl
understanding of the mission, payload, flight
system and ground system. The Jlipht
Enginecers arc responsible for day-to day
operations and quick rcaction anomaly
response. In addition, they work ditcetly
with the scientists and technolog ists to plan
the surface mission. The Flight Engincers a
also responsible forcoordinating alluplink
and downlink activities, including hands on
Usc of the GDS toolsct.

Thellight Engincers have genera] knowledge
of the flight and ground systems, butie
supported by subsystem specialist & with
dc.tailed knowledge. Subsystemengincersae
responsible for maintaining and upgiading
the GDS and spacecraft analysis tools.
addition, subsystem analysts are needed to
perform off-line performance assessinent @l

4

characterizat on.Insome cases  (particularly
AACS and navigation), the subsystem
cngineers w li be directly involved in the
operations process dueto their highly
specialized knowledge. Subsystem engine.crs
will also play a key role in analyzing
anomalics and developing resolution and
workaround plans.

The thirdcomponentof the flight team is the
group Of scicntists, experiment engineers,
did technolog ists wbo perform the. mission
investigations. These individuals form a
single Experiment Team which includes the
mstrument teams, the participating scientists,
and th ¢ rover oper at ions team. Th ¢ key
responsibilitics of this Team are to develop
operations plans that satisfy the key
experiment objectives, work with the Flight
Fngineers to develop and implement the
necessary command sequences, monitor and
maintain the he alth of the rover and
instruments, and perform experiment data
analysis. Anassumption inherent in the Mars
Pathfinder operations concept is that most
me mbers of the Experiment Tecam arc in
1esidence atJPl. during key mission events.

The final inembers of the flight team arc
representatives from other JPLL organizations
dedicated to supporting M ars Pathfinder
operations. Thisincludes support personncl
from the Multimission Image Processing
l.aboratory (performing science data
processing), 1eep Space Network operations
(coor dinating tracking support for the
project), and the institutional Multimission
Ground Data System Data Delivery Teams
(providing the interface between the  project
G] )Sand the DSN datasystem).

Figur ¢ 3 shows the detailed team structure for
Mars Pathfinder, including maximum
workforce estimates. Detailed cost estimates
show thatthislevel of staffing satisfies the
funding constiaints with acceptable margins.

OPERATIONAL. PROCESSES

The projecthas deve.loped top-level processes
to define how this organization will operate.
These processes differ depending on whether
the spacecraft is in cruise or landed
opcrations.,
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Figure 3. Mars Pathfinder Mission Operation- Organization Stracture (including workforee)

Cruisc Opcrations Processes

Cruise operations arc charactcrizedby
relatively long quiescent periodspunciuatd
by a fewkey activities. Figure 4shows a
timeline of the key activities performed
during cruise. Scveral background dowiink
analysis functions arc performed thioughout
cruise, including real-time tclemctiy
monitoring, spacecraft subsystcinhcalih
monitoring and analysis, payloadhcalth
monitoring, and analysis, and o1bit
determination. Uplink activities occmin
support of the periodic special activitics 11w
space.craft docs not require a long terin
running sequence to operate, so the projedl
has chosen to implement @ mini-scguence
driven p1 ocess. Jach key activity s
performed using a simple mini-scquence.
These mini-sequences can either be stored on
the spacecraft (in the case where anactivity i,;
performed multiple times) or can be
developed and uplinked when g ¢ »unid
interaction is required (in the case ofa
trajectory correction mane.uvc] wherethe
maneuver depends on the mosticeent
navigation data). This near rea timeproces:
is possible because there arc relatively foew

activities to performand because sequencing
high level commands isquite smple.

Sui lace Opcerations Processes

Sui face operations arc considerably more
challenging than cruise because of the level of
envitonmental uncertainty and the speed at
which decisions must be made. As a result,
the p1ooject has spent considerable effort
defming detailed operational processes. A
number Of time critical activities arc
performed during the first day of surface
opcrations (called Sal i). Figure 5 shows a
flowchart of the major spacecraft and ground
activities required bet ween landing and rover
deploy. A numberof key decision points arc
apparent,including whether to unlock the
camer @ head, deploy the high gain antenna,
unfur 1 the rover deploy 1 amps, and deploy
therover. Project per sonnel arc developing
detailed telemetry evaluation criteria needed to
make cach of these decisions. These criteria
form a checklist which should alow timely
and informed decisions. M ost of the
sequences needed to conduct these initial
activitics (exceptiorthe actual rover deploy
sequence, which depends on the terrain
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characteristics) will be loaded onihe
sp acccraft before entry. T hese scquen ces
havebeen de.signed to be resilientio delay:n
the decision process, and to provide fal [b. el
options in case of contingency. Corman:l
ac tivities should be principally hin oed ¢
activating these stored sequences.

The surface operations process afteiione:
deploy changes significantly from ,S011 (e
major difference is that there. is onlyone
command cycle each sol instead of scversl
The decision process behind cach of these
command cycles is more complex, 1MOICOVC]
because there are 11101C choices aviilablethin
011 SOl 1. The fundamental assumiption
behind the normal surface operations proccss
is that small changes in the, daily opeistions
plan arc likely cach day. Changes arclikely
because our knowledge of the environinant
and lander response will improve withitine
and because the rover provides alcvelof
flexibility to the scientists that s
unprecede nted. The high level objectives of
the mission will not change, but thespecitic
image sc(s, rover traverses, andAlphu
Proton-XI ay spectrometer data sets which are
collected will certainly be modificd.

Figure 6 shows a process timeline for normil
surface operations. Daily operations of the
lander andi over occur bet ween about 6w,
and 3 p.m. (1 .ocal Solar Time at the Jander).
Thermal condit ions prevent significaid
operations before 6 am., and the 1 ‘a th scis
below the horizon at about 3 p.m. Thedaily
command session WIll geneaally be
performed cach morning (for about 1 houy,
and most of each day’s data will be
telemetered during a three hour pass just
before Larth set. ]'llghl team activities sl
with the receipt of each day's telemectry dat::
The team has approximately 16 how s before
commands for the next day’s activities 1l
be radiated to the spacecraft (the Mars dayvs
about 40 minutes longer than the Earth dioy .
The majoractivities performed duningt hi
period arc to perform an assessmentof the
lander and rover's performance, 1eview anl
possibly update the next day’s mission plar,
modify the rover and lander scquences
validate these scquences, and uplinkthento
the lander.

Accurate assessment of the spacecraftstare i..
a prerequisite for cacti day’s planning and
sequencing activities. A systen level

)
8

pcispective is n ¢ cded, because the
subsystems are highly integrated. This i s
particularly o ¢ of power and thermal
(011 wtrol, which depend strongly on the
opetational scenario andthe states of the
othcrhardware components. An integrated
cngineering asscssment task has been
identified as a key ele ment of the overall
operations process. ‘This task is performed
nnmediately after telemetry is received to
provide a quick- look assessment of the
spaceeraft. Detarled subsystem assessments
of the telemetry at ¢ also performed in parallcl
over a longer time period. This quick-look
assessment jump starts the subscequent uplink
planning p rocess  and quick anomaly
TCSpOISe.

The first activity in the daily uplink process is
10 replan and update the overall mission
scenatio. Thisactivity is potentially the most
time consuming because it requires detailed
ncgotiations between science, rover, and
landcrengineerimg personnel. The project has
attempted to streamline this activity by
consolidating all experiment  personnel  into
onc team, empower ing the flight engincers to
waork directly with the scientists  (eliminating
as much top-down management involvement
as possible) and by using a sophisticated
planning, tool withdctailed spacecraft
bechavioral models. This tool reduces the
numbcr of iterations needed to develop a ncw
pi an,and aso piovides a nearly complete
command sequence. Combining the planning
anti sequence development step greatly
reduces the time needed for sequence
integr ation. Once sequences haV C been
completed, the eritical ones will be validated
onahigh fidelity hardwarctestbed.

OPERATIONS
TRAINING

TEST  ANI)

Operational process validation is the principle
objective of an exhaustive MOS test and
training program planncd for the period
between July 1996 and December 1996,
throu gh exhaustive test and training activitics.
Planning is under way for a set Of full-up
opcrational rehearsals that will be conducted
using the fhight hardware testbed. These tests
arc a component of the project’'s ri sk
mitigation plan, inthatboth nomina anti
conti ngency scenar ios will be examined.
Project per sonnel are currently developing tile
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detailed opcrational procedures thatarc
needed f-or these tests.

Flight tcam training is also a key clemcent of
thc Mars Pathfinder operations concejit
Although ail operations personnel participated
in development and test, some cross-tiaining,
willnecd to be performed to familiarize than,
with all aspects of operations, T'his is
especially true of” the Flight Engincers, who
need to have broad knowledge of” the entic
flightand ground systems. A sctof lcarnc
focused training sessions is currently being
developed and will be completed by this
summer. Some formal GDS toolsctuaining
is also required,but most membeis of the
flight team arc getting hands-on expericnee
using the GDS during the spacccer wov (sl
program. On-going team training may he
required during cruise, but the shiortmission
duration should mean that the samccorc
flight tcam will remain throug hout tie
primary mission.
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